Human immunodeficiency virus (HIV)-based lentiviral vectors (LVs) hold immense promise for gene delivery applications because of their relatively large packaging capacity and their ability to infect a range of cell types. The genome of HIV non-specifically integrates into the host genome, and this promotes efficient, stable transgene expression in dividing cells. However, integration can also be problematic because of variations in gene expression among cells, possible gene silencing and, most importantly, insertional mutagenesis which can lead to undesirable effects such as malignant transformation. In order to alleviate these problems, we have developed a range of non-integrating LVs (NILVs) by introducing point mutations into the catalytic site, chromosome binding site, and viral DNA binding site of the viral integrase (IN). In addition, we have mutated the IN attachment (att) sites within the HIV long terminal repeats (LTRs). All of the vectors produced show efficient reverse transcription and transgene expression in dividing cells and prolonged expression in non-dividing myotubes. Finally, we show that NILV can be used for achieving highly effective gene transfer and expression in muscle in vivo.
IntroductIon
Lentiviruses such as human immunodeficiency virus (HIV) are effective tools for gene transfer to a range of cell types including post-mitotic cells. 1 The efficient transduction achieved by using lentiviruses as genetic vectors is partly because of their ability to integrate into the genome. However, an integrated transgene is differentially expressed among cells, and insertion of a transgene in the vicinity of an oncogene or tumor suppressor gene can cause malignant transformation. 2, 3 We have recently demonstrated that non-integrating LVs (NILVs) can be used as effective tools for gene therapy. 4 They effectively transduce cells by harnessing active transcription from the episomal forms of the viral genome. These viral episomes are diluted through cell division, so that NILVs can be used for achieving transient expression of a transgene in dividing cells. 5 Alternatively, NILVs have a wide range of potential use in gene transfer to post-mitotic tissue where the episomal genome is not diluted through cell division. Therefore, by eliminating integration and minimizing the risk of insertional mutagenesis, NILVs may be safer than integrating vectors in the treatment of genetic disease in post-mitotic tissue.
The development of NILVs relies upon the production of the double-stranded viral DNA molecule which must be transcribed to allow efficient expression of the transgene. Accordingly, vector production and entry into the host cell must not be disrupted, and the vector genome should undergo effective reverse transcription and nuclear entry. The product of reverse transcription is a linear blunt-ended double-stranded DNA molecule which is the substrate for viral integration. 6, 7 Importantly, circular DNA molecules are also created from the linear DNA as by-products of integration. [8] [9] [10] [11] These episomes are actively transcribed and accumulate in cells infected with NILVs. [12] [13] [14] [15] DNA circles containing one long terminal repeat (LTR) form by homologous recombination between the two viral LTRs; circular viral DNA containing two LTRs are thought to be produced from non-homologous endjoining of the LTRs. [16] [17] [18] [19] HIV-1 integration is mediated by the 32 kd viral integrase (IN) which is encoded by the pol gene. IN functions by binding to the U3 and U5 attachment (att) sites within the LTRs of the viral DNA and mediating its integration into the host genome. 20, 21 For the development of NILVs, IN cannot be deleted completely because it is involved in reverse transcription and nuclear import of the pre-integration complex. 22, 23 However, integration can be blocked by introducing point mutations into IN or by mutating the att sites in the viral DNA. 5, 20, 21, [24] [25] [26] [27] HIV-1 IN mutations can be divided into two classes. Class I mutations result in the vector being defective specifically for integration, whereas class II mutants display additional assembly or reverse transcription defects that result in a lack of integration. 28 Therefore, in order to develop NILVs that express a transgene from the episomal DNA, we have focused on introducing class I mutations.
In this study we inhibited LV integration by different methods. First, by introducing mutations into IN at positions D64, N120, W235, Q148, K264, K266, and K273; and second, by mutating the IN att sites within the viral LTRs. We present green fluorescent protein (GFP) expression data showing that all of the vectors were able to transduce cells efficiently in vitro. In contrast to dividing cells, that showed only transient expression, non-dividing myoblasts were found to retain transgene DNA in vitro, and expression from the transgene was stable for the duration of the experiments. Furthermore, we show that HIV-based NILVs can be used to transduce muscle efficiently in vivo, and that prolonged transgene expression can be achieved.
results

Analysis of mutant vectors
The main objective of this study was to determine whether LVs containing various integration mutations could function as efficiently as their integrating counterparts in post-mitotic tissue. All of the mutants developed were selected based on previous studies which showed their ability to specifically inhibit integration, and thereby retain the transducing activity of the virus. Two approaches were taken to prevent integration. The first was to introduce class I point mutations into IN at positions D64, N120, Q148, and W235 (Figure 1a) . Residue Q148 is involved in binding to the viral DNA, 29, 30 and amino acids N120 and W235 are critical for binding to the chromosomal target DNA. 24, 31 The D64 residue was mutated because it is part of the DDE catalytic triad that is absolutely essential for integration. 24 The requirement for amino acids K264, K266, and K273 in integration has been the subject of recent debate. 25, 32 We mutated these lysines to arginine residues for assessing their integration efficiency and long-term transgene expression. The second method of blocking integration was to mutate the IN att sites in the vector genome by replacing the conserved CA dinucleotides with TG residues (Figure 1b) . 5, 20, 21, 27 Furthermore, in order to improve safety and to determine whether the various mutations could function synergistically, vectors containing multiple mutations were generated.
To confirm that introduction of the various mutations in IN (D64V, N120L, Q148A, W235E, K264,266,273R) and in the IN att sites did not interfere with virus production, the concentration of p24 was measured. The p24 enzyme-linked immunosorbent assay (ELISA) results in Table 1 show little variation between the different vector stocks indicating that introduction of the class I IN mutations or att site mutations (∆att) did not interfere with virus budding and production. Viral titer was quantified by measuring transducing units in 293T cells. Table 1 shows high titer for the virus generated from all of the vector preparations. To quantify the level of transgene expression, the mean fluorescence intensity of enhanced GFP (eGFP) was measured in cells infected by the mutant vectors. As shown in Table 1 , the IN and att site mutations have minimal effect on the mean fluorescence intensity. It follows, therefore, that the IN and att site mutations that we introduced allow efficient viral genome encapsidation, reverse transcription of the RNA genome, nuclear entry of the viral complementary DNA, and efficient transcription and translation of the transgene.
Mutant vectors are integration-deficient
In order to evaluate transgene expression over time, 293T cells were transduced by vectors at the same multiplicity of infection (0.3, to ensure low starting vector copy numbers), and eGFP expression was measured by flow cytometry. All of the vectors containing IN or att site mutations show a decrease in eGFP expression over time (Figure 2) . By 14 days after transduction, background levels of expression were seen in cells transduced by the D64V, N120L, W235E, and ∆att vectors, as well as by the vectors containing multiple mutations. Cells transduced by the Q148A, K264R, and K264,266,273R vectors also lost some eGFP expression over time, but expression reached a plateau by 11 days after transduction. At 2 weeks after transduction, the K264R, Q148A, and K264,266,273R vectors had 1.5-fold, 2-fold, and 5-fold lower expression levels than the vector with wild-type (wt) IN, respectively. This indicates that, although these mutants do cause impairment of integration, they do not block integration as efficiently as the D64V, N120L, W235E, or ∆att mutations. In summary, we have demonstrated that all of the mutant vectors are able to transduce cells. However, expression of the transgene is lost over time in dividing cells because of a lack of viral DNA integration into the host cell genome.
Quantification of background integration
Data obtained from measuring eGFP expression in 293T cells suggested that all of the mutant vectors were integrationdeficient. Next, we wanted to quantify more precisely the efficiency of residual integration. The level of background integration of the class I mutants was calculated by infecting HT1080 cells with vectors expressing a neomycin resistance gene (Neo) at a multiplicity of infection of 0.3. Cells were selected over a period of 3 weeks, and the number of G418-resistant colonies gave a defined level of residual integration. This level was compared with the integration efficiency of the vector containing wt IN.
As shown in Figure 3 , the level of background integration of the D64V, N120L, and W235E mutants is 10 3 -fold lower than integration of the wt vector. The residual integration rate of the K264R, Q148A, and K264,266,273R mutants was higher, being 3-, 13-and 14-fold lower than with the wt vector, respectively. 
efficient transgene expression in non-dividing cells
Our goal was to further analyze various NILVs for their use as gene therapy vectors for delivery to post-mitotic tissue. Therefore, in order to assess their performance in vitro, we investigated the kinetics of viral expression in non-dividing cells, using C2C12 muscle cells as a model. The C2C12 cells were infected with the integration mutants and allowed to terminally differentiate into myotubes by serum starvation. eGFP expression was then monitored over time. As shown in Figure 4 , the expression of eGFP in dividing C2C12 cells decreased after 5 days following infection for all of the mutant vectors, and this correlates with the transient expression seen in 293T cells (Figure 2) . Conversely, in non-dividing C2C12 myotubes, transgene expression was stably maintained for all of the vectors. Expression from the NILVs was similar to expression from the integrating vector for at least 12 days after infection (the life-span of the myotubes, and therefore the duration of the experiment).
We also investigated the viral DNA in non-dividing C2C12 myotubes at two different time points (3 and 12 days after infection). Figure 5a shows that at 3 days after infection the level of total viral DNA was similar in cells infected by all of the vectors tested (wt IN, D64V, ∆att, and D64V∆att). Importantly, the viral DNA was not degraded over time, and the levels were maintained to the later time point of 12 days after infection (Figure 5a ). This correlates with the persistence of eGFP expression seen in non-dividing C2C12 myotubes (Figure 4) . Because the viral DNA in cells infected by mutant vectors is not integrated, we quantified the level of extrachromosomal DNA in the C2C12 myotubes by measuring the level of 2LTR circles using quantitative polymerase chain reaction (Figure 5b) . The level of 2LTR viral DNA circles increased over time in myotubes infected with the D64V IN mutant. This contrasted with myotubes infected by vector containing wt IN which retained a constant level of 2LTR circles. By 12 days after infection, the myotubes infected by any of the three mutants contained higher levels of 2LTR circles than those of the wt vector. Specifically, the D64V, ∆att, and D64V∆att mutants generated fivefold, fourfold and sevenfold more 2LTR circles than wt vector, respectively. This increase in 2LTR circles over time confirms that the extrachromosomal DNA is not degraded in non-dividing myotubes. Furthermore, it also suggests that by inhibiting integration the viral DNA is accessible to undergo circularization within the myotube, resulting in an accumulation of circular episomal genomes.
efficient transgene expression in vivo
The in vitro integration efficiency analysis indicated that the D64V, N120L, W235E, and ∆att mutations produced lower residual integration than the other mutants (Figure 3) . We therefore combined these mutations and assessed transduction efficiency in muscle in vivo. The D64V, ∆att, D64V∆att, and DNW∆att mutant vectors were compared with integrating vector expressing eGFP. The vectors were injected intramuscularly into neonatal mice. At 1 month after injection, muscle samples were sectioned and eGFP was visualized by immunohistochemical staining (Figure 6a) . At 3 months after injection eGFP was visualized in whole legs, under a fluorescence microscope (Figure 6b) . Transgene expression was detected in all the samples injected with the mutant vectors, thereby indicating that NILVs can mediate long-term transgene expression in muscle tissue in vivo. These results correlate well with the prolonged expression observed in C2C12 non-dividing myotubes (Figure 4) . eGFP expression in the muscle was quantified by ELISA and compared with levels of residual eGFP in the vector stocks (Supplementary Table S1 ). The ELISA results confirm that eGFP was expressed in muscle in vivo. Furthermore, the integrating vectors and NILVs mediated similar levels of transgene expression (P > 0.05 by Kruskal-Wallis test) (Figure 6c) . Finally, the formation of viral 2LTR circles was measured from the 3-month muscle samples. Figure 6d shows that all of the vectors efficiently transduced muscle, and that the viral genomes were reverse transcribed and entered the nucleus where viral DNA circularization occurred.
Taken together, the results presented in Figure 6 suggest that introduction of the class I IN and att site mutations did not interfere with LV transduction. Furthermore, the level of eGFP expression from NILVs was comparable to expression from the integrating vector in muscle in vivo.
dIscussIon
Recently there has been a lot of interest in the development of integration-deficient LVs for safer gene therapy. These vectors utilize the high transduction efficiency and broad tropism of lentivirus but avoid the potential problems associated with the non-specific integration of a transgene. 2 NILVs are defective specifically for integration, so that earlier steps in the viral life cycle are not compromised and efficient cell transduction can still be achieved. NILVs will be particularly useful in non-dividing cells because the vector genome is not diluted through cell division. Efficient transgene expression has previously been achieved in ocular and brain tissues of rodents. 4, 33 In this study we have directly compared various integration mutants by characterizing their ability to deliver a transgene efficiently and stably to non-dividing cells in culture. Furthermore, we have extended the potential therapeutic repertoire of NILVs by achieving prolonged transgene expression in muscle in vivo.
The IN and IN att site mutations used in our study have all previously been shown to specifically inhibit the integration step of the lentivirus life cycle. 5, 20, 21, [24] [25] [26] [27] We were able to produce vectors containing the mutations to high titer, and our initial experiments confirmed that introduction of these mutations did not interfere with virus production, reverse transcription, nuclear entry or transgene expression ( Table 1 ). Subsequently we found that the mutant vectors exhibited transient expression in dividing cells, thereby implying that the vectors were indeed defective for integration (Figure 2) .
We extended this work by directly comparing the integration efficiency of each vector (Figure 3) . The D64V, N120L, and W235E vectors integrated approximately 10 3 -fold less frequently than the vector containing the wt IN. Leavitt and colleagues found that a vector with an N120L point mutation integrated 3 log units less efficiently; and vectors with D64V and W235E mutations integrated 4 log units less efficiently, than wt vector.
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Q148A was a less effective mutation, and its integration efficiency was closer to wt levels. Mutation of the C-terminal lysines at positions 264, 266, and 273 reduced integration efficiency by 1 log unit, thereby suggesting that these residues are required for optimal IN function; this correlates with results from the work by Cereseto et al. 25 However the presence of lysine residues is not absolutely essential for HIV integration, as was shown in a recent study by Topper and colleagues. 32 Our ∆att vector integrated 200-fold less efficiently than wt; this correlates with results by Masuda and coworkers, who found that mutating both att sites decreased integration to 1% of wt levels. 20 In an attempt to further decrease residual integration and thereby reduce the risk of insertional mutagenesis, we developed vectors containing multiple integration mutations. However, upon analysis we found that introducing a combination of mutations had no effect on reducing integration efficiency. Nightingale et al. used a D64V/att site double mutant and found that there was no further reduction in integration efficiency beyond that of the D64V mutation alone. Subsequent integration site analysis suggested that the residual integration of the D64V mutant was not mediated by IN but by cellular recombination events. 5 Therefore it appears that integration of LVs cannot be inhibited to levels more than 10 4 -fold lower than wt levels in the presence of antibiotic selection. However, in order to minimize the potential risk of reversion to an integrating phenotype, it may be prudent to generate vectors with multiple IN mutations for clinical application.
Our studies as well as those of others have recently shown that expression from NILVs can persist in post-mitotic retinal and brain tissue. 4, 33 In order to extend the repertoire of cells that are amenable to stable transduction by NILVs, we monitored longterm expression in muscle cells. Initially C2C12 cells were examined in vitro. As expected, we found that dividing C2C12 cells lost transgene expression over time (Figure 4) , in a manner similar to the decrease observed in 293T cells (Figure 2) . Previously Vargas et al. had shown that it is possible to prolong transgene expression in dividing cells by incorporating an SV40 ori into the genome that mediates viral complementary DNA replication in the presence of T antigen. 34 Our approach was to induce growth arrest in the C2C12 cells so as to prevent loss of the viral genome through cell division, and this allowed persistent transgene expression for the duration of the experiment (Figure 4) .
In order to confirm that prolonged transgene expression in the non-dividing C2C12 myotubes was due to maintenance of the episomal viral DNA, we quantified the level of 2LTR circles in the transduced cells (Figure 5) . The concentration of episomal 2LTR DNA was higher in cells transduced by the D64V and att mutant NILVs than by their integrating counterpart. Similar results were obtained by Yanez-Munoz et al. who observed eightfold more 2LTR circles in eyecups of mice transduced by the D64V vector than in those transduced by the integrating vector. 4 The persistence of 2LTR circles in C2C12 cells ( Figure 5) correlates with the observed stability of transgene expression in non-dividing cells in vitro (Figure 4) . Butler and colleagues quantified the level of 1LTR and 2LTR circles in dividing cells infected with HIV-based vectors, and found a ratio of approximately 9:1. 35 Therefore our measurement of 2LTR circles alone may have led to an underestimation of the actual concentration of circular episomes. The 2LTR circles were monitored over time, and appeared to accumulate in the C2C12s transduced by the D64V and att mutant NILVs. Saenz and coworkers observed similar maintenance of circular episomes in growth arrested cells infected by D64N and D116N NILVs. 15 Terskikh et al. detected episomal circles from integrating LVs in many generations of mouse hematopoietic stem cells. 36 Taken together, this work suggests that the episomal viral DNA is stable, and accumulates in post-mitotic cells transduced by NILVs.
In vivo experiments involved delivery of the D64V, ∆att, D64V∆att, and DNW∆att NILVs into post-mitotic tibialis anterior muscle in neonatal mice. 37 Li et al. have previously shown that integrating LVs can stably transduce muscle in vivo. 38 In our experiments, eGFP expression was visualized at 3 months after injection and quantified using an eGFP ELISA, and the transduction was confirmed by measuring the level of viral 2LTR circles in the muscle samples. The results show that all of the NILVs tested were able to transduce muscle at an efficiency similar to that of the integrating vector (Figure 6) . Although there was no significant difference in eGFP expression in muscle from the use of either integrating vector or NILVs, the level of eGFP expression from the NILVs appears more scattered than expression from the integrating vector. The variable expression may be because of low-level loss of the NILVs at early time points after neonatal injection, when muscle is still growing and undergoing cell division. This question could possibly be addressed by injecting adult mice and measuring transgene persistence from NILVs. However, the results in this study show that all of the NILVs retained eGFP expression to at least 3 months after neonatal injection, thereby implying that NILVs can be used for obtaining long-term transgene expression in muscle in vivo.
In summary, we generated a LV containing three mutations in IN as well as mutations at both att sites and this DNW∆att vector was found to transduce muscle cells stably in vivo. The development of an efficient LV with multiple integration mutations minimizes the potential problem of reversion to an integrating phenotype, thereby minimizing the risk of insertional mutagenesis. We believe that the results of this study open up an array of possibilities for improving the safety and efficiency of therapeutic transgene delivery to post-mitotic tissues such as muscle.
MAterIAls And Methods
Plasmids. The LVs are based on HIV-1 and were generated from the pHR′SIN-cPPT-SEW parental construct, 39 which contains the spleen focus forming virus LTR driving eGFP expression. The LV plasmid pHRCp5EW was constructed by replacing the spleen focus forming virus promoter with the adeno-associated virus p5 promoter using the restriction sites EcoRI and BamHI. The pHR-CSNeoW vector was derived from the pHR′SIN-cPPT-SEW plasmid by replacing eGFP with a neomycin resistance gene (Neo) using BamHI and SbfI restriction enzymes. The vectors are self-inactivating due to a deletion in the 3′ HIV-1 LTR, 40 so that only the internal promoter will be active in transduced cells.
The ∆att mutants were generated using the QuikChange SiteDirected Mutagenesis Kit (Stratagene, La Jolla, CA). U5∆att was introduced using complementary oligonucleotide primers: 5′-GGAA AATCTCTAGTGGTGGCGCCCGAACAGGGACTTGAAAGCG-3′. The U3 ∆att mutation was generated using the following complementary primer sequences 5′-GCCACTTTTTAAAAGAAAAGGGGGGACCA GAAGGGCTAATTC-3′. The ∆att mutations were confirmed by sequencing.
Single amino acid mutations were introduced into IN in the packaging plasmid pCMVdR8.74 41 using the following oligonucleotide sequences: D64V 5′-CCAGGAATATGGCAGCTAGTTTGTACACATTTAGAAGG-3′; N120L 5′-GTACATACAGACAATGGCAGCCTTTTCACCAGTACT ACAGTTAAGG-3′; Q148A 5′-GGCATTCCCTACAATCCCCAAAGT GCAGGAGTAATAGAATCTATG-3′; R199C 5′-GGGTACAGTGCAG GGGAATGTATAGTAGACATAATAGC-3′; W235E 5′-GGACAGCAG AGATCCAGTTGAGAAAGGACCAGCAAAGC-3′; K264R 5′-GTAGT GCCAAGAAGAAGAGCAAAGATCATCAGGG-3′ and K264,266,273R 5′-CCAAGAAGAAGAGCAAGGATCATCAGGGATTATGGAAG ACAGATGGCAGG-3′. Mutations were confirmed by sequencing.
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Non-integrating Lentiviral Vectors
Cell lines and vector production. HT1080, 293T, and C2C12 cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and antibiotics. In order to induce differentiation in C2C12 cells, the medium was replaced with Dulbecco's modified Eagle's medium containing 2% horse serum and antibiotics. C2C12 cells were growth arrested 3 days after transduction.
LVs were produced by transient transfection of vector genome plasmid, gag-pol packaging plasmid and envelope plasmid using polyethyleneimine reagent (Sigma-Aldrich, Gillingham, UK). Broad tropism was obtained by generating vectors with the G glycoprotein of vesicular stomatitis virus envelope. 42 The LVs were concentrated by ultracentrifugation for 1 hour 30 minutes at 30,000 rpm in a Sorval Discovery 100SE in a Surespin 630 rotor. The HIV p24 protein was quantified for all vectors, using the p24 ELISA kit (Cell Biolabs, San Diego, CA) and in accordance with the kit instructions. eGFP-expressing vectors were quantified by infecting 293T cells and measuring the percentage of eGFP-expressing cells by flow cytometry at 2 days after transduction. Flow cytometry was also used for quantifying eGFP persistence in transduced C2C12 cells.
Quantifying integration efficiency.
The level of background integration of the various vectors was quantified by infecting 1 × 10 6 HT1080 with vectors expressing Neo. Media containing 1 mg/ml of G418 (Invivogen, Toulouse, France) was added to the cells at 3 days after infection. Cells were grown for 3 weeks and colonies from single clones were counted.
Analysis of viral DNA. Cells were infected with vectors and total DNA was extracted at 48 hours using a standard salting-out method. 43 Total viral DNA and 2LTR circles were quantified in triplicate by quantitative polymerase chain reaction. 44 Primers used for quantifying total viral DNA were 5′-TGTGTGCCCGTCTGTTGTGT-3′ and 5′-GA GTCCTGCGTCGAGAGAGC-3′ and Taqman probe 5′-CGCCCGAAC AGGGACTTGAA-3′. For 2LTR circles, the primers used were 5′-AACT AGAGATCCCTCAGACCCTTTT-3′ and 5′-CTTGTCTTCGTTGGGA GTGAATT-3′, and Taqman probe 5′-CTAGAGATTTTCCACACT GAC-3′.
In vivo experiments. All mice were handled according to procedures approved by the UK Home Office and the Imperial College London Research Ethics Committee. One-day-old MF1 mice were injected intramuscularly with 5 µl of each vector (four mice per group). Mice were killed at 1 and 3 months after injection and eGFP in muscle was visualized under a fluorescence stereomicroscope. For immunohistochemical staining, tibialis anterior muscle was fixed in paraformaldehyde and sections (5 µm) were cut from paraffin-embedded tissue blocks. Slides were placed in histoclear solution (R.A. Lamb, Eastbourne, UK), and then hydrated in graded ethanol solutions. Antigen retrieval was performed using sodium citrate buffer (2.94 g/l sodium citrate, pH 6) and heating. Endogenous peroxidase was blocked by incubation with 0.3% H 2 O 2 (Sigma, Steinheim, Germany) in phosphate-buffered saline for 10 minutes. Slides were incubated with 2% normal mouse serum (Dako Cytomation, Glostrup, Denmark), then with avidin and biotin (Vector Laboratories, Peterborough, UK). Slides were incubated overnight with rabbit anti-GFP serum (A6455; Invitrogen, Paisley, UK), and then with biotinylated goat anti-rabbit secondary antibody (BA-1000; Vector Laboratories) for 40 minutes. After being thoroughly washed in phosphate-buffered saline, the slides were incubated with Vectastain ABC kit (Vector Laboratories, Burlingame, CA) in accordance with the manufacturer's instructions. AEC substrate (3-amino-9-ethylcarbazole; Vector Laboratories) was used for detecting peroxidase activity, in accordance with the manufacturer's instructions. Hematoxylin (Sigma, Gillingham, UK) was used for counterstaining and slides were then mounted in aquamount (BDH, Poole, UK). Images were obtained on a Leica DMLS upright microscope using a ×40 objective (Leica, Milton Keynes, UK) with a Canon Coolpix 4500 digital camera, and processed with Adobe Photoshop software for publication.
eGFP ELISA was performed for samples as described previously. 4 Briefly, the injected, green part of the muscle was excised and protein was extracted using a homogenizer (Griffiths tube; VWR, Lutterworth, UK) in lysis buffer (Reporter Gene Assay Lysis buffer; Roche, Welwyn Garden City). Total protein was assayed using Biorad reagent. eGFP was quantified in triplicate against a recombinant eGFP standard (Clontech, Mountain View, CA) using the monoclonal antibody ab1218-100 (1:10,000, ABcam) as primary antibody, and the monoclonal secondary antibody ab5688 (1:5,000, ABcam, Cambridge, UK). eGFP expression in the muscle was confirmed by comparing the ELISA results in muscle with those from the vector stocks (Supplementary Table S1 ). Total viral DNA was also extracted from the samples by homogenizing 50 mg of tissue and performing a salting-out method. Quantitative polymerase chain reaction was used for measuring the prevalence of 2LTR circles in the muscle samples.
Statistical analysis. Data from the integration efficiency quantification assays were analyzed using a Kuskal-Wallis test for statistical significance (P < 0.05), and particular groups were compared using a Mann-Whitney test. eGFP ELISA measurements were analyzed for statistical significance by the Kruskal-Wallis test.
